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Abstrat
The eets of avor mixing in eletroweak baryogenesis is investigated in a generalized semilas-
sial WKB approah. Through alulating the nonadiabati orretions to the partile urrents it
is shown that extra CP violation soures arise from the o-diagonal part of the equation of motion
of partiles moving inside the bubble wall. This type of mixing-indued soure is of the rst or-
der in derivative expansion of the Higgs ondensate, but is osillation suppressed. The numerial
importane of the mixing-indued soure is disussed in the Minimal Supersymmetri Standard
Model and ompared with the soure term indued by semilassial fore. It is found that in a large
parameter spae where osillation suppression is not strong enough, the mixing-indued soure an
dominate over that from the semilassial fore.
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I. INTRODUCTION
Eletroweak baryogenesis (EWBG) is a promising senario for explaining baryon number
asymmetry in the universe, unlike other senarios valid at grand uniation sale it an be
tested by the upoming ollider experiments. The Standard Model (SM) of partile physis
due to the too small CP violation [1, 2, 3, 4℄ and diulty in generating a strongly rst order
phase transition [5, 6, 7℄ an not be a andidate for baryogenesis. However, EWBG is viable
in many new physis models beyond the SM suh as Minimal Supersymmetri Standard
Model (MSSM) [8, 9, 10℄ and the two-Higgs-doublet models [11, 12, 13, 14, 15, 16, 17, 18℄
et, as in these models there are extra partiles ontributing to the Higgs potential and also
new soures of CP violation.
An eient way to generate large baryon number asymmetry is to generate it nonlo-
ally, through a harge transportation mehanism [19, 20, 21℄ in whih the CP violating
harges are rst generated inside the bubble wall and then get transported into the un-
broken phases, where the anomalous baryon number violating sphaleron proesses are not
suppressed. In some models suh as MSSM and the two-Higgs-doublet model, the bubble
wall of the eletroweak phase transition is typially thik [22, 23℄ for the partiles giving
dominant ontributions, and the partile typial Compton wave length λ ∼ 1/T is muh
shorter than the wall width Lw ∼ (10 − 20)/T where T is the ritial temperature. In
this regime the validity of semilassial approah [24, 25, 26, 27, 28, 29, 30, 31℄ should be
justied for single avor ase, whih provides an intuitively simple desription by treating
partile transportation as motion of WKB wave pakages. In a slowly moving and CP vi-
olating Higgs ondensate bakground, the dispersion relation for partiles and antipartiles
are modied dierently, ontributing to dierent semilassial fores, whih leads to a net
exess or deit of the partile number whih an be onverted into left-handed fermion
number asymmetry. The asymmetry of the loal fermion density then get transported in
front of the bubble wall, whih bias the baryon number violating proesses.
The problem beomes more involved in the multiple avor ase, where the CP violating
mass matrix has nontrivial spae-time dependene. The CP violating eets may show up
not only in the dispersion relations, but also in the mixing of states. In the onventional
WKB approah [24, 25, 31℄ the partile propagation is treated as an adiabati motion:
the quasipartiles are rst rotated into the loal mass eigenstates, then these partiles are
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assumed to evolve individually without interferene. The semilassial fore terms are iden-
tied for eah individual states as the unique CP violating soure for the diusion equations.
However, note that in many ases suh as in MSSM, the quasipartiles do not deouple even
in the loal mass basis, beause the rotation matries diagonalizing the mass matrix are also
spatially varying, whih leads to interferenes among the loal mass eigenstates. Namely,
there always exists nonvanishing o-diagonal terms in the equations of motion. The o-
diagonal terms in the equation of motion lead to nononservation of net urrents, whih
ontributes to extra CP violating soure terms. Suh a ontribution an be numerially
important, beause the semilassial fore term is of the seond order in derivative expan-
sion, and is further suppressed to the third order when entering the semilassial diusion
equations as a soure term, while the mixing-indued soure presents from the rst order.
The problem of spatially dependent mixing has been disussed in the non-equilibrium
eld theory approah based on the Kadano-Baym equations for Wigner transformed Green
funtions [34, 35℄. It has been notied reently that the evolution of the o-diagonal densities
from the transverse part of the onstraint equation exhibit osillation behavior, whih is
quite dierent from the diagonal densities [32, 33℄. Other methods although using the same
Shwinger-Keldysh formalism treat the problem in dierent manner, suh as using the Higgs
ondensate insertion [36, 37, 38℄ or applying re-summation for Higgs ondensate insertion
but using phenomenologial ways to deal with the soure terms [39℄. The nal result still
dier signiantly, espeially in the bosoni setor.
In view of the urrent theoretial situation, a arefully reanalysis of the semilassial
method may still be useful. In this work we generalize the semilassial method by taking into
aount the non-adiabati orretions from the spatially varying avor mixings. We restrit
ourselves in the parameter region where the mixing between the loal mass eigenstates are
relatively small, and an be treated as perturbations to the equation of motion for loal
mass eigenstates. Our results show that the orretion leads to an extra CP violating soure
whih exhibit a typial osillation behavior in analogy to neutrino osillations, whih is
similar to the observations made in [32℄. We go a step further to estimate the soure term
and ompare it with the semilassial fores in the ontext of MSSM. The results show that
despite the osillation suppression, the mixing-indued soure term has signiant numerial
importane for a large parameter spae.
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II. THE FERMIONIC CASE
We begin with a brief review of the semilassial desription for fermions in a expanding
planar bubble wall. For simpliity the fermion is boosted into a wall frame in whih the
momentum parallel to the wall is vanishing. In this ase the equation of motion is redued
to 1+1 dimensional, and in avor basis it is given by
[i(γ0∂t + γ3∂z)−M †(z)PL −M(z)PR]ψ = 0 (1)
where M(z) is the spatial varying mass matrix from a mass term ψ¯LM(z)ψR indued by a
slowly moving Higgs ondensate, and PL,R = (1 ∓ γ5)/2 the hirality projetion operator.
The wave funtion in the hiral representation of Dira matries an be deomposed in terms
of spin eigenstates
ψs = e
−iωt

 Ls
Rs

⊗ χs (2)
with σ3χs = sχs and s = ±1 for two spin states. Ls(Rs) is the left- (right-) handed
omponent. Substituting ψs into Eq.(1) and eliminating the right-(left-) handed omponent
one obtains the equation for Ls(Rs) in avor basis
[
ω2 + ∂2z −MM † + isM∂zM−1(ω − is∂z)
]
Ls = 0 (3)[
ω2 + ∂2z −M †M − isM †∂zM †−1(ω + is∂z)
]
Rs = 0 (4)
One an rotate the elds into a loal mass basis (Lds , R
d
s) by dening Ls = UL
d
s and Rs = V R
d
s
in whih the mass matrix M(z) is diagonalized U †M(z)V = m(z) with m(z) a diagonal
mass matrix. The phases of U and V are arranged suh that the mass eigenvalues mi are
real positive. Note that both U and V are z dependent. The equation of motion for loal
mass eigenstates Lds and and R
d
s beomes
i(∂t − s∂z − sU †∂zU)Lds −mRds = 0 (5)
i(∂t + s∂z + sV
†∂zV )R
d
s −mLds = 0 (6)
It is evident that the equation for right-handed omponent in the loal mass basis an be
obtained by replaing U → V and s → −s. Following the similar step in obtaining Eq.(4)
one arrives at the deoupled seond order equations
[
ω2 + ∂2z −m2 + 2Σ∂z + isA(ω − is∂z)
]
Lds = 0 (7)[
ω2 + ∂2z −m2 + 2Π∂z − isB(ω + is∂z)
]
Rds = 0 (8)
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where
Σ = U †∂zU , A = U
†M∂M−1U (9)
Π = V †∂zV , B = V
†M †∂M †−1V (10)
In the above equations the terms of seond order in derivative expansion are negleted. The
o-diagonal elements of A and B are related to Σ and Π through
Aij =
mi
mj
Πij − Σij , Bij = mi
mj
Σij − Πij ( for i 6= j)
In the remainder of this setion we shall suppress the index d in the wave funtion. In two
avor mixing ase the expliit form of the equation array for left-handed omponent an be
rewritten as

 D11 D12
D21 D22



 Ls1
Ls2

 = 0 (11)
with
D11 = ω
2 + ∂2z −m21 + 2Σ11∂z + isA11(ω − is∂z) (12)
D12 = 2Σ12∂z + isA12(ω − is∂z) (13)
D21 = 2Σ21∂z + isA21(ω − is∂z) (14)
D22 = ω
2 + ∂2z −m22 + 2Σ22∂z + isA22(ω − is∂z) (15)
Sine the o-diagonal elements D12(21) ontain dierential operators, one an not obtain
deoupled equations for Ls1(2) separately. In the onventional approah [25℄, the equation
array is solved approximately by rst imposing the derivative operator D22(11) on the rst
(seond) row of Eq.(11) one again, then piking up the terms up to the rst order derivative,
whih leads to equations ontaining higher order derivativesDiiDjjLsj ≃ 0(i 6= j) and nally
argue that they redue to a deoupled form
DiiLsi = 0, (16)
whih is essentially the diagonal part of Eq.(11). Note that in this method the o diagonal
terms are ounted as higher order terms and thus negleted. An advantage of this method
is that it naturally allows an adiabati desription of the motion of individual partiles.
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However, It is lear that Eq.(16) misses the information from o-diagonal term D12,21, whih
is only valid when |D12,21| ≪ |D11 −D22|. In large mixing ase it is not a good approximation
to Eq.(11).
To investigate the impat of the o-diagonal terms, in this work we adopt an alternative
method to solve Eq.(11) approximately. We are interested in the parameter region in whih
the o-diagonal elements is non-negligible but relatively small suh that it an be treated as
perturbations. The validity of the perturbation requires that the mass dierene between
the two mass eigenstates are signiantly larger than the mixing term, namely ∂zm ≪∣∣m2i −m2j ∣∣, where m is the averaged mass. Although this method does not apply to the
resonane ase
∣∣m2i −m2j ∣∣ ≃ 0, it should illustrate the main feature of the mixing aused by
o-diagonal term Dij .
Taking the o-diagonal terms D12 and D21 as perturbations. The solutions an be written
in a generi form
Lsi = L
(0)
si + L
(1)
si (17)
where L
(0)
si is the lowest order solution satisfying Eq.(16), i.e.
DiiL
(0)
i = 0 (18)
and L
(1)
si are the orretions due to the o-diagonal terms. The lowest order solution L
(0)
si is
obtained by the usual WKB wave ansatz
L
(0)
si = wie
i

z
pci(z′)dz′
where pci is the anonial momentum and the funtion wi provides the orret normalization
for L
(0)
si . The real and imaginary part of Eq.(18) lead to two separated equations
ω2 − p2ci −m2i = Im [2pciΣii + s(ω + spci)Aii] (19)
p′ci + 2pci
w′i
wi
= Re [2pciΣii + s(ω + spci)Aii] (20)
where the notation prime stands for the spatial derivative ∂z. The rst equation gives the
dispersion relation
pci ≃ p0 − s(ω + sp0)
2p0
ImAii − ImΣii + α′ (21)
where α is an arbitrary phase fator from gauge invariane [27℄. From the dispersion relation
one an dedue the group veloity vg ≡ (∂ω/∂pc)z and semilassial fore Fi ≡ ω(dvg/dt)
vgi =
p0i
ω
− sm
2
i ImAii
2ω2p0i
(22)
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Fi = −mim
′
i
ω
− s(m
2
i ImAii)
′
2ω2
(23)
Note that only the seond term in the fore term is CP violating, and is proportional to the
spin of the loal mass states. Together with the lowest order solution to wi from the seond
equation, the wave funtion at the lowest order is given by
L
(0)
i =
mi√
p0i(ω + sp0i)
ei

z
pcidz
′
, and R
(0)
i =
mi√
p0i(ω − sp0i)
ei

z
pcidz
′
(24)
with p20i = ω
2 −m2i .
Substituting the o-diagonal terms in to the equation, the rst order perturbation takes
the following form
Lsi ≃ L(0)si + L(1)si = L(0)si + ǫiL(0)si (25)
Rsi ≃ R(0)si +R(1)si = R(0)si + δiL(0)si (26)
whih are mixtures of the two unperturbed states. The mixing parameters for partile i to
the rst order of derivative are given by
ǫi = i
2Σijp0j + Aij(sω + p0j)
m2i −m2j
, and δi = i
2Πijp0j +Bij(−sω + p0j)
m2i −m2j
(27)
The mixing parameters for partile j an be simply obtained by replaing i ↔ j from
the above expressions. It is lear that the expansion is valid for ∂zmi/(∆m
2) ≪ 1 as
expeted. The momentum dependenies omes from the dierentiation operators in o-
diagonal element D12.
During the partile propagation inside the bubble wall, the Higgs ondensate bakground
auses mixing between the two loal mass states, whih keeps the total partile urrent
onserved but leads to nononservation of the urrents for individual partiles. The nonvan-
ishing divergene of the urrent aused by the o-diagonal part of spatially varying rotation
matrix is proportional to the mixing parameters ǫi and δi, whih are dierent for partile and
antipartile when the mixing ontains CP violation. This provides an extra CP violating
soure other than the semilassial fore. Note that the mixing term modies the disper-
sion relation as well. As it ontains derivative terms, it implies the breaking down of the
semilassial piture. However, this is a next to leading order orretion to the dispersion
relation and is expeted to be small.
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As an illustration, we alulate the left-handed urrent divergene. The temporal and
spatial part of the left-handed urrent are j0 = L∗sLs and j
z = −sL∗sLs respetively. The
mixing parameters for the antipartile an be obtained by replaing Σ→ Σ∗, A→ A∗,Π→
Π∗, and B → B∗. The mixing-indued left-handed urrent, after subtrating the antipartile
omponent is given by
jzLi = −
4mimj
m2i −m2j
2sImΣijp0j + ImAij(ω + sp0j)√
p0ip0j(ω + sp0i)(ω + sp0j)
cos
 z
(pcj − pci)dz′ (28)
The CP violating fore term, as it is proportional to spin s, only ontribute to the
spin-weighted density. To failitate the omparison with the fore term, we alulate the
spin-weighted mixing-indued soure term. Indeed, it has been pointed out that only spin-
weighted urrent is soured by the moving wall [32℄. In the wall frame, the orresponding
soure term for the left-handed urrent is
SLi =
∑
s
s
2
∂µj
sµ
Li (29)
=
2mimj
m2i −m2j
[
ImΣgL(p0i, p0j)− mi
mj
ImΠijgR(p0i, p0j)
]
(30)
·(p0i − p0j) sin
 z
(pcj − pci)dz′ (31)
with
gL,R(p0i, p0j) =
ω ∓ p0j√
p0ip0j(ω + p0i)(ω + p0j)
− ω ± p02√
p0ip0j(ω − p0i)(ω − p0j)
(32)
whih is a momentum odd funtion.
The numerial importane of the soure term omes from the fat that it is of the rst
order in derivative expansion, larger than that from semilassial fore whih is of the seond
order. Furthermore, The nal form of the semilassial fore term entering the semilassial
diusion equation is of the third order in derivative as it is weighted by group veloity. While
in the diusion equation, the mixing-indued soure term is not suppressed. Therefore in a
naive ounting, one expets a muh larger ontribution from mixing indued soure term.
What might signiantly suppress the mixing-indued soure is the osillation. A ruial
feature is that the osillation frequeny depends on the momentum dierene rather than the
momentum themselves, whih makes the osillation suppression less eetive for relatively
small momentum dierenes. From Eq.(31), the osillation term an be approximated by
sin(p02− p01)dz at the lowest order. In a highly relativisti limit the osillation wave length
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λosc is given by
1
λosc
≃ m
2
1 −m22
4πω
whih is well-known for neutrino osillations. For an illustration, taking ω ≃ 300 GeV,
m1 ≃ 200GeV and m2 ≃ 100 GeV, we nd λosc is around O(0.1GeV−1) whih is muh larger
than the typial Compton wave length 1/T . Thus the osillation is unlikely to ompletely
erase the mixing-indued soure.
Finally, The soure is proportional to the o-diagonal elements of Σij and Πij , whih is
dierent from the CP violating soure term whih is always proportional to the diagonal
elements Aii. This leads to a dierent parameter dependene in the nal soure term.
III. THE BOSONIC CASE
The mixing in bosons an be alulated in a similar way. The Klein-Gordon equation in
avor basis is
∂µ∂µφ+M
2(z)φ = 0 (33)
where M2(z) is the mass square matrix whih is diagonalized by a unitary transformation
U †M2(z)U = m2(z). Rotating φ into the loal mass basis with φ = Uφd, the equation of
motion for φd in the wall frame has the form
∂2t φ
d − ∂2zφd + 2U †∂zU∂zφd +m2φd = 0 (34)
We shall suppressed the index d in the remainder of this setion. In the two avor mixing
ase the above equation an be rewritten in a matrix form

 D11 D12
D21 D22



 φ1
φ2

 = 0 (35)
The operators Dij are given by
D11 = ∂
2 +m21 + 2Σ11∂z (36)
D12 = 2Σ12∂z (37)
D21 = 2Σ21∂z (38)
D22 = ∂
2 +m22 + 2Σ22∂z (39)
9
with Σ ≡ U †∂zU . Again we solve the equation by taking o-diagonal elements D12(21) as
perturbations. The solution takes the form
φi = φ
(0)
i + φ
(1)
i (40)
with φ
(0)
i satisfying the lowest order equations
Diiφ
(0)
i = 0 (41)
Making use of the WKB ansatz
φ
(0)
i = wie
−iωtei

z
pci(z′)dz′
(42)
and substituting it into the Eq.(41), the real and imaginary part gives two independent
equations
− ω2 + p2ci +m2i − ip′ci + 2ImΣii · pci = 0 (43)
−p′ci + 2
w′
w
pci + 2ReΣii · pci = 0 (44)
The rst equation indiates the modiation of dispersion relation. An important dierene
from the fermioni ase is that the dispersion relation for salar elds will not generate the
semilassial fore at the rst order in derivative expansion beause the ontribution from
ImΣ anels in the expression for dvg/dt. The seond equation determines the form of w.
To the lowest order wi ≃ 1/√pci. Taking the mixing term Dij as perturbations, the solution
takes the form
φi ≃ φ(0)i + ǫiφ(0)j , (45)
the mixing oeient to the rst order in derivative is
ǫi = i
2Σijpjc
m2i −m2j
(46)
The mixing parameter for partile j an be obtained by replaing i ↔ j in the above
expression. The spatial omponent for the urrent is jzi = i(φ
∗
i ∂
zφi − ∂zφ∗iφi). Substitute
the expression of φi the mixing-indued urrent is given by
jzi = i(ǫφ
(0)∗
i ∂φ
(0)
j − ǫ∗∂φ(0)∗j φ(0)i ) + i(ǫ∗φ(0)∗j ∂φ(0)i − ǫ∗∂φ(0)∗i φ(0)j ) (47)
The divergene of the urrent is
Si = ∂µj
µ
i = −2Im[ǫ
′
i(∂φ
(0)∗
i φ
(0)
j + ∂φ
(0)∗
j φ
(0)
i )] (48)
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In obtaining the above expression, we have used the lowest order equation of motion for
φ
(0)
i . Note that the terms proportional to ǫi all aneled out. Only the ǫ
′
i terms remain.
Therefore the soure term is of seond order in derivative, whih is of the next to leading
order ompared with the fermioni ase. This makes the ontribution from boson mixing to
be expeted less important.
IV. SOURCE TERMS IN DIFFUSION EQUATION
At the semilassial level the divergene of the urrents derived in the previous setion
an be diretly added to the Boltzmann equation as semilassial soures. In the wall frame
the Boltzmann equation has the form
∂fi
∂t
+
∂fi
∂z
vg +
∂fi
∂pz
Fiz = C[fi, fj · · ·] + Si (49)
where fi = fi(t, x, p) is the phase spae distribution funtion, C is the ollision term and the
pz the kineti momentum dened by pz ≡ ωvg. In a uid ansatz, the distribution funtion
fi in the wall frame is
fi =
1
eβ[γw(ω+vwpz)−µi(z)] ± 1 + δfi(z, p) (50)
where the spatially varying hemial potential µi(z) desribe the departure from hemial,
and the perturbation δfi(z, p) desribe the response to the semilassial fore, whih by
denition has no ontribution to the partile density, i.e.

d3pδfi = 0. The fator vwpz
omes from the Lorentz boost from the plasma frame to the wall frame. Substituting the
distribution funtion into the Boltzmann equation
∂fi
∂ω
(
vwFiz − µ′pzi
ω
)
+
pzi
ω
δf ′i = C [fi, fj · · ·] + Si (51)
and boosting bak into the plasma frame by a Galilean transformation vg → vg + vw whih
is valid for small vw ≪ 1, we have
(piz
ω
+ vw
)(
−µ′∂f0i
∂ω
+ δf
′
i
)
+ vw
∂f0i
∂ω
δFzi = C
pl
i [µi, δfi] + S
pl
i (52)
with f0i the up-perturbed Fermi-Dira distribution f0 = (e
βω+1)−1 in the plasma frame. The
quantity µi and δFzi ontain only CP violating part of hemial potential and semilassial
fore. From Eq.(23), the CP violating fore term is
δFzi = −s(m
2
i ImAii)
′
2ω2
(53)
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The soure term Spli in the plasma frame is obtained from Si by a boost pz → pz + vwω,
namely Spli = Si(pz + vwω). Note that the pz−even part in Spli only omes from vwω term
whih is nonvanishing after momentum integration. Thus the soure is proportional to the
wall veloity vw and is vanishing in the limit of vw → 0, whih is a physial requirement.
Integrating over d3p weighted by 1 and pz/ω respetively, we get two transportation equa-
tions
− vwµ
′
i
T
+
〈pz
ω
δf
′
i
〉
=
〈
Cpli
〉
+
〈
Spli
〉
(54)
−µ
′
T
〈(pz
ω
)2〉
+ vw
〈pz
ω
δf
′
〉
+
vw
T
〈pz
ω
δFzi
〉
=
〈pz
ω
Cpli
〉
+
〈pz
ω
Spli
〉
(55)
where the denitions for the integration are [27, 31℄
〈X〉 ≡ ki

d3p∂f0i
∂ω
X

d3p∂f0i
∂ω
(for X =
p2z
ω2
,
pz
ω
δFzi), and 〈X〉 ≡ ki

d3pX
T

d3p∂f0i
∂ω
, ( X = others)
With the fator ki ≡

d3p∂f0i
∂ω
/

d3p∂f0i(mi=0)
∂ω
whih is 1(2) for massless fermion(boson).
The ollision terms an be expressed in terms of hemial potentials and inelasti interation
rates
〈
Cpli
〉
= −kiΓdik
∑
j
ξ
(k)
j ,
〈pz
ω
Cpli
〉
≃ ki 〈(pz/ω)δfi〉Γti
where Γdik is rate for the inelasti hannel (k) and
∑
j ξ
(k)
j are the signed sum over the relevant
hemial potential. The quantity Γti is the total interation rate. Eliminate the quantity〈
pz
ω
δf
′
i
〉
by dierentiating the seond equation in Eq.(55) one again, one arrives at the usual
form of the diusion equation
−ki
(
Diξ
′′
i + vwξ
′
)
+ Γ˜dik
∑
j
ξ
(k)
j ≃ SF + SM
with Γ˜dik = kiΓ
d
ik
SF = − kivwDi
T
〈(
pz
ω
)2〉
〈pz
ω
δFzi
〉′
, and SM = ki
〈
Spli
〉
where ξ ≡ µi/T the resaled hemial potential and Di = 〈(pz/ω)2〉 /Γti the diusion on-
stant. In deriving the diusion we have negleted the
〈
(pz/ω)S
pl
i
〉′
term whih is subleading
ompared with
〈
Spli
〉
.
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V. MIXING INDUCED-SOURCE IN MSSM
In MSSM, the hargino transportation provides a dominant CP violating soure to ele-
troweak baryogenesis. The asymmetry in hargino number is onverted into the asymmetry
in left-handed top quarks through Yukawa interations. The two Higgsino SU(2) doublets
are h˜1 = (h˜
0
1L, h˜
−
1L)
T
and h˜2 = (h˜
+
2L, h˜
0
2L)
T
respetively. Together with the two harged
gauginos W˜+L and W˜
−
L , the harginos are ombined into two left- and right-handed four
omponent spinors as ψL = (W˜
+
L , h˜
+
2L)
T
and ψR = ((W˜
−
L )
c, (h˜−1L)
c)T . The hargino mass
term has the form ψ¯RM(z)ψL in the wino-higgsino spae with mass matrix
M(z) =

 M2 gH2(z)
gH1(z) µ


(56)
where M2 and µ are soft supersymmetry breaking parameters ontaining CP phases and
H1(z) and H2(z) the Higgs vauum expetation values (VEVs). The mass matrix is di-
agonalized by a bi-unitary transformation V †MU . The expliit form of the two rotation
matries are
U =
√
2√
Λ(Λ +∆)

 12(Λ + ∆) −a
a∗ 1
2
(Λ + ∆)


(57)
V =
√
2√
Λ(Λ + ∆¯)

 12(Λ + ∆¯) −a¯
a¯∗ 1
2
(Λ + ∆¯)


(58)
with
a =M2u1 + µ
∗u2 , a¯ = M
∗
2u2 + µu1 (59)
∆ = |M2|2 − |µ|2 + u22 − u21 , ∆¯ = |M2|2 − |µ|2 − u22 + u21 (60)
Λ =
√
∆2 + 4 |a|2 , ui = gHi(z) (61)
The two mass eigenvalues are given bym1,2 = (|M2|2+|µ|2+u22+u21±Λ)/2. We are interested
in the states whih is Higgsino-like sine only Higgsino an be eiently transported. The
Higgsino-like state is identied as partile 2(1) for parameter region M2 > |µ|(M2 < |µ|).
From the above expression we obtain the o-diagonal elements of matries Σ and Π whih
is relevant to the mixing indued soure.
Σ12 = − 1
Λ(Λ +∆)
[(Λ + ∆)a′ − (Λ′ +∆′)a] (62)
Π12 = − 1
Λ(Λ + ∆¯)
[
(Λ + ∆¯)a¯′ − (Λ′ + ∆¯′)a¯] (63)
13
the other o-diagonal elements Σ21(Π21) an be easily obtained as Σ(Π) is anti-Hermitian.
The quantity A11 relevant to the CP violating fore term is given by
A11 =
M2µ
m21Λ
(u1u2)
′
For simpliity, we only onsider the hargino ontribution as a dominant soure, as the
transportation for neutrilinos is suppressed due to muh weaker ouplings to fermions. The
stop ontributions are also suppressed as they are bosons. Furthermore, the mass dierene
for the two stops has to be very large. The left-handed stop t˜L must be above 1 TeV to
evade the LEP experiment onstraints [39℄, while the right-handed stop t˜R must be light a
round 100 GeV in order to generate strongly rst order phase transition [40, 41℄. The large
mass dierene between t˜L and t˜R leads to a very fast osillation whih strongly suppressed
the mixing-indued soure in stop setor. As the semilassial fore term does not present
in the rst order in derivative, we thus neglet the stop ontributions.
For numerial illustrations we take the following simple wall prole
u(z) = g
√
H21 (z) +H
2
2 (z) = g
vc
2
· 1
2
[
1− tanh
(
z
Lw
)]
with H1(z) = u(z) sin β and H2(z) = u(z) cos β and g the weak gauge oupling. vc is the
Higgs VEV at the ritial temperature T whih is normalized at vT=0 ≃ 246 GeV. For
numerial alulation we take the following referene values
vc = 120GeV, T = 90GeV, tanβ = 3, vw = 0.03
We onsider dierent sets of wall-width and MSSM parameters whih is sensitive to the
mixing-indued soure. In Fig.1, we give the soure term resaled by 1/T from both semi-
lassial fore and mixing-indued soure term for wall width Lw = 10/T and 15/T respe-
tively. The MSSM softbreaking parameters are xed at M2 = 200GeV and |µ| = 100GeV
orresponding to a hargino mass dierenes m1−m2 = 111 GeV in the broken phase. The
CP phase φµ is set to a typial of φµ = 0.02 whih is a typially allowed value after the
onstraints from the eletron and Hg eletri dipole moments (EDMs) [36, 42, 43℄. Note
that the EDM onstraints on CP phases depends on MSSM parameters suh as sfermion
masses and CP-odd Higgs masses. For heavy left-handed stop mass above a few TeV as
also favored by the LEP limit, the allowed CP phase an be muh larger. Furthermore the
two-loop orretions to EDM are ontrolled by CP-odd Higgs mass, whih an be weakened
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Figure 1: (a)Left, the semilassial fore indued soure term as a funtion of z (GeV−1). (b)
Right, the mixing-indued soure term as a funtion of z. The two urves in eah plot orresponds
to Lw = 10/T (solid) and 15/T (dashed) respetively. The MSSM parameters are xed atM2 = 150
GeV and µ = 100 GeV, with φµ = 0.02.
by heavy Higgs mass, and has no signiant eets on the soure term. Therefore, although
small φµ is used in the alulation, the possibility of large CP phase lose to the maximum
may still be allowed in this ase. The urves given in Fig.1 show that both of soure terms
have nontrivial spatial dependenies, but their origin are quite dierent. The variation of
the fore term omes from the third derivative of the kink-type Higgs ondensate, whih
has one minimal and two maximums. While the mixing-indued soure term varies due to
both the wall prole variation and the osillation. The osillation leads to multiple loal
minimum appearing in the urve and is suppressed at large distane by the wall prole. For
M2 around 200 GeV, the mixing indued soure term peaks at z ≃ 0.03 with an amplitude
SM/T ≃ 1.6× 10−6, muh larger than that from semilassial fore whih peaks at z ≃ 0.08
with SF/T = 0.6× 10−7
In Fig.2, we give the results for a larger M2 = 250 GeV, and still x |µ| = 100GeV,
orresponding to a larger hargino mass dierenes m1 − m2 = 157 GeV in the broken
phase. One sees that for a larger hargino mass dierene both the soure terms beomes
smaller as they are 1/Λ suppressed. The osillation in the mixing-indued soure term
beomes obvious and the wave length is shorter, thus the osillation suppression is stronger.
The mixing indued soure term peaks at z ≃ 0.03 with an amplitude SM/T ≃ 8 × 10−7.
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Figure 2: (a)Left, the semilassial fore indued soure term as a funtion of z(GeV−1). (b) Right,
the mixing-indued soure term as a funtion of z. The two urves in eah plot orresponds to
Lw = 10/T (solid) and 15/T (dashed) respetively. The MSSM parameters are xed at M2 = 200
GeV and µ = 100 GeV, with φµ = 0.02.
M2(GeV ) 200 250 300 350 450 500
S¯M (Lw = 10/T ) 27.5 8.29 3.37 1.50 0.243 0.0364
S¯F (Lw = 10/T ) 1.89 1.23 0.822 0.575 0.317 0.246
S¯M (Lw = 15/T ) 10.9 5.48 1.45 0.604 0.121 0.0177
S¯F (Lw = 15/T ) 0.561 0.365 0.243 0.170 0.094 0.073
Table I: Averaged soure term (in unit of 10−8) for mixing indued soure and the fore term. For
wall width Lw = 10/T and 15/T respetively.
Although signiantly redued, it still muh larger than that from semilassial fore whih
peaks at z ≃ 0.08 with SF/T ≃ 4× 10−8.
To estimate the osillation suppression eets it is useful to dene an averaged soure
over the wall width
S¯M(F ) ≡ 1
TLw
 Lw
0
SM(F )(z)dz (64)
We alulate the averaged soure numerially for dierent M2 = 200 ∼ 500 GeV and list the
results in Tab.I. One sees that S¯M dominates over S¯F in the range 200GeV . M2 . 350GeV.
With the value ofM2 inreasing, the averaged soure term S¯M drops rapidly. For Lw = 10/T ,
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at M2 = 350 GeV, the mixing indued soure is only 5.4% of that at M2 = 200 GeV, the
suppression is due to the inreased osillation frequeny. The suppression in fore term S¯F
is mainly from the fator 1/Λ, whih dereases muh slower. At M2 = 350 GeV, it is still
about 30% as large as that at M2 = 200 GeV. At M2 = 200 GeV, their relative size is
S¯M/S¯F = 14.6. For large M2 = 350 GeV, although they are lose in size, the mixing soure
still dominates with S¯M/S¯F = 2.63. This dominane has a mild dependene on the wall
width. For Lw = 15/T , the relative size between the two kind of soures remains roughly
the same, although both of the soure term beomes smaller. The mixing-indued soure
(semilassial fore) term is ∼ 40%(∼ 30%) of that at Lw = 10/T . When the value of M2 is
around 450 GeV, the two type of soure term beomes omparable in size. For a very large
M2 = 500 GeV, the semilassial fore term beomes dominate, and the mixing-indued
soure term is about an order of magnitude smaller.
In onlusion, we have studied the eets of avor mixing in a generalized WKB ap-
proah in whih the o-diagonal terms in the equation of motion are taken into aount as
perturbations. With the presene of a slowly moving CP violating bubble wall, an extra
mixing-indued CP violating soure appears whih exhibit an osillation behavior in analogy
to the neutrino mixings. In two avor mixing ase, the osillation frequeny is proportional
to the dierene of mass square. The size of the mixing-indued soure ould be larger than
that from the onventional semilassial fore as it is at the rst order in derivative expan-
sion. We have made a numerial study of the osillation suppression eets for hargino
ase in MSSM. For a small |µ| = 100 GeV, in a large range 200 . M2 . 350 GeV, the mix-
ing -indued soure term dominates over the semilassial fore term. The method is valid
for small mixing ase, a more general method is needed to deal with the maximum mixing
ase. However, even in the small mixing ase the mixing-indued soure already indiate
that a signiant enhanement of the nal baryon number asymmetry is possible, whih will
relax the tension between the observed baryon number asymmetry in the universe and the
onstraints from eletron and atom EDM in the MSSM.
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